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a  b  s  t  r  a  c  t
The  gas  phase  hydrogenation  of  3-butyne-2-one,  an  alkynic  ketone,  over  two  alumina-supported  pal-
ladium  catalysts  is investigated  using  infrared  spectroscopy  in  a  batch  reactor  at 373 K. The  mean
particle  size  of the palladium  crystallites  of  the  two catalysts  are  comparable  (2.4  ±  0.1 nm).  One  cat-
alyst  (Pd(NO3)2/Al2O3)  is  prepared  from  a palladium(II)  nitrate  precursor,  whereas  the other  catalyst
(PdCl2/Al2O3)  is prepared  using  palladium(II)  chloride  as  the  Pd precursor  compound.  A three-stage
sequential  process  is observed  with  the Pd(NO3)2/Al2O3 catalyst  facilitating  complete  reduction  all  the
way  through  to 2-butanol.  However,  hydrogenation  stops  at 2-butanone  with  the  PdCl2/Al2O3 catalyst.
The  inability  of the  PdCl2/Al2O3 catalyst  to reduce  2-butanone  is  attributed  to  the  inaccessibility  of  edge
sites  on  this  catalyst,  which  are  blocked  by  chlorine  retention  originating  from  the  catalyst’s  preparativetructure/activity relationships process.  The  reaction  proﬁles  observed  for the  hydrogenation  of  this  alkynic  ketone  are  consistent  with  the
site-selective chemistry  recently  reported  for the  hydrogenation  of crotonaldehyde,  an  alkenic  aldehyde,
over the  same  two  catalysts.  Thus,  it is  suggested  that  a previously  postulated  structure/activity  relation-
ship  may  be generic  for the hydrogenation  of ,-unsaturated  carbonyl  compounds  over  supported  Pd
catalysts.
© 2016  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license. Introduction
A major goal in contemporary heterogeneous catalysis is to
eﬁne structure/activity relationships for speciﬁed reactions [1,2].
upported palladium catalysts have wide application in selective
ydrogenation reactions [3], therefore it is highly desirable to cor-
elate product yields with certain catalyst speciﬁcations, so that
ptimum catalyst formulations maximize the atom economies of
articular unit operations. As an example of how the structure of
d crystallites can be linked to product distributions, Kiwi-Minsker
t al. have investigated the solution phase selective hydrogena-
ion of alkynes over stabilized Pd nano-crystals and established
he semi-hydrogenation of 2-methyl-3-butyne-2-ol to 2-methyl-
-butene-2-ol to be structure sensitive [4]. Further studies by this
roup involving supported Pd nano-particles concentrated on the
∗ Corresponding author.
E-mail address: David.Lennon@glasgow.ac.uk (D. Lennon).
ttp://dx.doi.org/10.1016/j.cattod.2016.02.028
920-5861/© 2016 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
well-studied gas phase hydrogenation of ethyne and demonstrated
that the size and shape of the Pd nano-particle signiﬁcantly affected
the catalyst activity [5]. More recently, computational and experi-
mental modeling have been employed to interrogate the structure
sensitivity of 2-methyl-3-butyne-2-ol hydrogenation on Pd [6].
The present study considers how the morphology of Pd crystal-
lites can inﬂuence selectivity branching in gas phase hydrogenation
reactions of ,-unsaturated carbonyl compounds. Studies by
McInroy et al. examining the hydrogenation of crotonaldehyde
over a series of alumina-supported Pd catalysts proposed a struc-
ture/activity correlation for hydrogenation of the ,-unsaturated
aldehyde [7]. Speciﬁcally, partial hydrogenation of crotonaldehyde
to butanal was  deemed to be structure insensitive,  whereas the
hydrogenation of butanal to butanol exhibited distinct structure
sensitivity that was linked to the presence of a particular active site.
Importantly, this site could be blocked in the catalyst preparation
stage. Thus, the work demonstrated how an awareness of cata-
lyst preparative procedures may  be exploited to perturb product
distributions [7].
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. The infrared spectrum (2200–2000 cm−1) for the hydrogenation of 3-butyne-2-one as a function of time (0–60 min) over (a) Pd(NO3)2/Al2O3 and (b) PdCl2/Al2O3.
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pcheme 1. A reaction scheme for the hydrogenation of 3-butyne-2-one. Stage 1 is 
-butene-2-one to produce 2-butanone; Stage 3 is the reduction of 2-butanone to p
The nature of the active site attributed to enabling second stage
ydrogenation activity within the crotonaldehyde hydrogenation
ystem is ascribed to Pd (111)/(111) and (111)/(110) edge sites
7]. This hypothesis arises from an infrared spectroscopic inves-
igation of the CO chemisorption properties of the same suite of
lumina-supported palladium catalysts used in the crotonaldehyde
tudy [8]. That work relied on an analysis of the infrared spectrum
f carbon monoxide chemisorbed on a model high surface area
lumina-supported palladium catalyst [9]. Further, temperature-
rogrammed desorption studies of isotopically substituted CO on
wo of the Pd/Al2O3 catalysts [10] also contributed to an awareness
f the morphological traits of these catalysts.
As a consequence of Pd’s inherent preference for hydrogenating
 C bonds in preference to C O bonds [11], the hydrogenation
f ,-unsaturated carbonyl compounds is infrequently stud-
ed over supported Pd catalysts. However, notable studies by
de and co-workers have examined the effectiveness of sup-
orted metal catalysts for the hydrogenation of unsaturatedduction of 3-butyne-2-one to produce 3-butene-2-one; Stage 2 is the reduction of
e 2-butanol. k1–k3 are the associated rate coefﬁcients.
ketones (methyl vinyl ketone and benzalacetone) and unsaturated
aldehydes (crotonaldehyde and cinnamaldehyde) [12]. Despite
favourable turnover frequencies, a Pd/C catalyst preferentially
hydrogenated the C C bond rather than the C O bond, with sup-
ported Pt, Ru and Au catalysts exhibiting higher selectivity for
the desired unsaturated alcohol [12]. Rather than concentrating
on the selective formation of unsaturated alcohols from ,-
unsaturated carbonyl compounds, the work of McInroy et al. used
the partial and complete hydrogenation pathways accessible in the
Pd/Al2O3/crotonaldehyde/H2 reaction system to distinguish site
speciﬁcity for partial and complete hydrogenation reactions [7].
Presently, that correlation has only been explored for the hydro-
genation of crotonaldehyde, an ,-unsaturated aldehyde.
The present work seeks to discover if the proposed struc-
ture/activity relationship can be extended to ,-unsaturated
ketones. This will then provide insight on the possible generic
nature of the postulated site-selective model for hydrogenation
reactions over supported Pd catalysts. Thus, the hydrogenation
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Fig. 2. The infrared spectrum (1800–1650 cm−1) for the hydrogenation of 3-butyne-2-one as a function of time (0–60 min) over (a) Pd(NO3)2/Al2O3 and (b) PdCl2/Al2O3. The
arrows  signify the intensity trend as a function of time for bands at 1744 and 1700 cm−1. The circle in (b) signiﬁes an isosbestic point at 1730 cm−1.
Scheme 2. Equilibria contributing to the isosbestic point at 1730 cm−1 associated with the PdCl2/Al2O3 catalyst, Fig. 2(b). The (g) and (ad) subscripts designate respectively
gaseous and adsorbed phases of the reacting molecules.
Table 1
A summary of catalyst characterisation details [8]. The two samples were examined for C, H, N and Cl by elemental analysis, with only positive values included in the table. CO
chemisorption saturation values were performed at 293 K. The errors represent one standard deviation determined from a number of replicate experiments. Mean particle
size  is calculated from the CO chemisorption values according to assumptions described in reference [8].
Source of Pd in catalyst Pd loading (wt%) BET (m2 g−1) Elemental analysis
(wt.%)
Saturation
coverage of CO
(mol  CO g(cat)−1)
Catalyst dispersion
(%)
Calculated Pd mean
particle size (nm)
Pd(NO3)2 4.0 102.6 0.8% N 90.9 ± 15 48 ± 8 2.3
PdCl2 0.91 70.9 5.4% Cl 19.5 ± 1.4 46 ± 3 2.5
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Sig. 3. The infrared spectrum (1050–850 cm−1) for the hydrogenation of 3-butyne-
rrows  signify the intensity trend as a function of time for bands at 1025, 950 and 9
f an alkynic ketone is studied over two Pd/Al2O3 catalysts con-
idered in the original crotonaldehyde study [7]. One catalyst
Pd(NO3)2/Al2O3) is prepared from a palladium(II) nitrate precur-
or, whereas the other catalyst (PdCl2/Al2O3) is prepared using
alladium(II) chloride as the Pd precursor compound. Table 1 lists
he physical characteristics of the two catalysts [8].
The catalysts were selected because, despite possessing com-
arable Pd particle sizes (2.4 ± 0.1 nm,  Table 1), they exhibit
ighly distinct reaction proﬁles for crotonaldehyde hydrogena-
ion. Speciﬁcally, Pd(NO3)2/Al2O3 facilitates crotonaldehyde and
utanal hydrogenation to produce butanol, however, hydrogena-
ion activity terminates at butanal with PdCl2/Al2O3 [7]. The
nability of the PdCl2/Al2O3 catalyst to permit reduction of the car-
onyl group is attributed to chloride residues present at the catalyst
urface [7]. Whereas it is conceded that the high chloride residue
vident in Table 1 relates to the catalyst pre-activation, infrared
easurements of CO chemisorption after a catalyst reduction treat-
ent establish chloride to remain present at the metal surface after
 reduction stage [8]. Consequently, it is the blocking of speciﬁc Pd
rystallite sites by residual chloride originating from the catalyst
reparative stage that is thought to be inﬂuencing the crotonalde-
yde reaction proﬁles over these two catalysts [7].In the present work, the hydrogenation of 3-butyne-2-one
CH C(C O)CH3) in the gas phase is examined over samples of the
wo catalysts described above: Pd(NO3)2/Al2O3 and PdCl2/Al2O3.
cheme 1 demonstrates the three sequential hydrogenation path- as a function of time (0–60 min) over (a) Pd(NO3)2/Al2O3 and (b) PdCl2/Al2O3. The
−1. The circle in (a) signiﬁes an isosbestic point at 928 cm−1.
ways accessible with this reaction system. Firstly, the alkyne ketone
can be reduced to an alkene ketone (3-butene-2-one), which may
be subsequently reduced to a saturated ketone (2-butanone) and,
ﬁnally, the 2-butanone may  be further reduced to a secondary alco-
hol (2-butanol).
This consideration of 3-butyne-2-one as a reactant provides
the opportunity to examine the reduction of sp-hybridised carbon
atoms as well as the sp2-hybridised carbon atoms encountered in
crotonaldehyde; whilst additionally permitting an examination of
a ketone compared to an aldehyde. Given the variety of functional
transformations evident within Scheme 1, infrared analysis of the
mixture within a batch reactor is selected to examine the reaction
chemistry. Periodic scanning of the gas phase enables the change
in the gaseous phase present over the catalyst to be determined as
a function of time [13–15]. In certain circumstances, the infrared
spectrum can additionally provide information on conformational
options attainable for the reagents and products throughout the full
reaction coordinate [16], although that prospect is not considered
in detail in this work. The beneﬁts and disadvantages of the use
of infrared spectroscopy within a catalytic batch reactor are con-
sidered elsewhere [15]. The present study makes extensive use of
a recently published vibrational analysis of the four C4 molecules
indicated in Scheme 1 [17].
The work shows that the structure/activity relationship orig-
inally proposed for crotonaldehyde hydrogenation [7] is equally
applicable to the hydrogenation of an alkynic ketone, implying that
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vig. 4. The infrared spectrum (3800–3500 cm−1) for the hydrogenation of 3-butyne
rrow  signiﬁes the intensity trend as a function of time for the band at 3655 cm−1.
he site-selective model is generic for the hydrogenation of ,-
nsaturated carbonyls over supported Pd catalysts. The implication
f this outcome for evaluating morphological traits of supported Pd
atalysts is brieﬂy explored. A heightened awareness of metal crys-
allite morphological contributions to product distributions should
ead to more efﬁcient catalysis.
. Experimental
Information on the preparation and characterization of the
d(NO3)2/Al2O3 and PdCl2/Al2O3 catalysts is presented elsewhere
8]. Reaction testing used a modiﬁed Graseby-Specac 5660 heated
as cell ﬁtted with KBr windows and a 20140 automatic tem-
erature controller. An injection septum within the cell enabled
-butyne-2-one (Aldrich, 99% purity) to be added to the reac-
ion system. The tubular cell had no facility for further mixing or
e-circulation of gases. Two Brooks 5850E mass ﬂow devices con-
rolled the ﬂow of hydrogen (BOC, 99.995% purity) and helium
BOC, CP grade 99.999% purity) via an in-line puriﬁer (Messer
rieshiem Oxisorb) into a 50 cm3 stainless steel mixing vessel that
as packed with glass beads before entering into the reaction cell. A
ack-pressure regulator plus pressure gauge (Norgen) and shut-off
alves allowed the cell to be isolated and the pressure monitored.
he reactor was housed within a Nicolet Avatar 360 FTIR spectrom-
ter equipped with a deuterated triglycine sulphate detector. The
eactor is connected to the spectrometer internal gas purge facility
ia rubber sleeves. The spectrometer is continually purged with drye as a function of time (0–60 min) over (a) Pd(NO3)2/Al2O3 and (b) PdCl2/Al2O3. The
air, from which the CO2 component has been removed (Donaldson
Ultraﬁlter). These arrangements minimise atmospheric contribu-
tions to the infrared spectrum.
The catalyst was loaded into the reactor as a pressed disc. The
catalyst was mounted within a glass sample holder that locates
within the base of the cell, so that the catalyst was  not in the path
of the infrared beam. In this way, all spectra presented arise from
the composition of the gaseous phase, with no contribution from
the catalyst or the catalyst surface. The rate of 3-butyne-2-one
hydrogenation was  directly proportional to the mass of catalyst
used, consistent with the reaction being under kinetic control and
possessing no mass transport restrictions.
The catalyst mass, quantity of hydrocarbon and pressure of
hydrogen were selected to yield a full hydrogenation proﬁle within
ca. 1 h, so that infrared spectra of sufﬁcient signal/noise ratio could
be repeatedly recorded during that interval. In this manner, ca.
20 mg  of the catalyst was  pressed into a thin disc using a 13 mm
die (Specac) pressurised at 12 t by a hydraulic press (PerkinElmer).
The catalyst disc was  reduced in the following manner: The cell
temperature was maintained at 303 K and a mixture of 10% H2/90%
He was passed through the reactor at a ﬂow rate of 20 ml min−1
for 30 min. The hydrogen composition was increased to yield an
equimolar mixture of hydrogen and helium at the same ﬂow rate
and the temperature was increased to 373 K then maintained at that
temperature. After 30 min under these conditions, the reactor was
isolated at a pressure of 900 Torr (0.12 MPa). A liquid chromatogra-
phy syringe (Hamilton Bonaduz) was  used to inject a 5.0 l aliquot
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Scheme 3. Equilibria contributing to the isosbestic point at 928 cm−1 associated with the Pd(NO3)2/Al2O3 catalyst, Fig. 2(b). The (g) and (ad) subscripts designate respectively
gaseous  and adsorbed phases of the reacting molecules.
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iig. 5. (a) Reaction proﬁle for the hydrogenation of 3-butyne-2-one as a function of
s  a function of time over PdCl2/Al2O3.
f 3-butyne-2-one into the cell via the septum. The 3-butyne-2-
ne was used without further puriﬁcation. Scanning of the infrared
pectrum commenced as soon as the injection of the 3-butyne-
-one was complete. This combination of reagents results in a
ydrogen:hydrocarbon ratio of 44:1 and a hydrocarbon:Pd(s) ratio
f 82:1 for the PdCl2 catalyst, i.e. hydrogen is in excess of the hydro-
arbon and the hydrocarbon is in excess of palladium surface atoms.
hus, the infrared cell is acting as a batch reactor under condi-
ions where reasonable conversions represent multiple turnovers,
nhindered by the availability of hydrogen. Infrared spectra were
ecorded at a resolution of 4 cm−1, co-adding 8 scans and requir-
ng an acquisition time of ca.  10 s. The reaction temperature was
aintained at 373 K and ensured that all the reagents remained
n the gaseous phase. Measurements were performed in triplicate,
ith representative datasets being presented here. Hydrogenation
xperiments on an alumina disc (no Pd) that had been treated
n the same manner as outlined above showed no conversion of
-butyne-2-one, establishing the hydrogenation reactions to be
etal-mediated.
The Beer-Lambert law is applicable under the designated
eaction conditions, permitting calibration curves to be readily
roduced. As-received samples of 3-butene-2-one (Aldrich, 99%
urity), 2-butanone (Aldrich, 99.5% purity) and 2-butanol (Aldrich,
9.5% purity) were used as calibrants.
Mode assignments were made using density functional theory
nd validated by comparison of the calculated spectra to refer-
nce infrared and inelastic neutron scattering spectra. This work
s comprehensively described in reference [17].over Pd(NO3)2/Al2O3. (b) Reaction proﬁle for the hydrogenation of 3-butyne-2-one
3. Results and discussion
The infrared spectra for reactions involving the two catalysts are
presented in four spectral regions that emphasize the dynamics of
speciﬁc functional entities. This intensity data is then used to deter-
mine the reaction proﬁle for the 3-butyne-2-one hydrogenation
process over each catalyst. Differences in the product distribution
as a function of time are discussed in terms of the range of sites
present on the Pd crystallites.
3.1. 2200–2000 cm−1
Fig. 1 presents the infrared spectra in the (C C) region of
the spectrum (2200–2000 cm−1) as a function of time. The broad
peak at t = 0 centered at 2103 cm−1 is the C C stretch of 3-butyne-
2-one [17,18,19(a),20(a)]. The intensity of this feature for the
Pd(NO3)2/Al2O3 catalyst (Fig. 1(a)) decreases rapidly on increas-
ing reaction time, so that within ca.  2 min  the band is no longer
observable. This proﬁle indicates a rapid hydrogenation of the
alkyne C C bond; corresponding to a reaction turnover frequency
of 3.21 × 1017 3-butyne-2-one molecules s−1 and a turnover num-
ber of 18 3-butyne-2-one molecules Pd(s)−1. Fig. 1(b) shows the
process to be signiﬁcantly slower for the PdCl2/Al2O3 catalyst,
with complete reduction of the C C bond requiring ca.  10 min;
corresponding to a reaction turnover frequency of 6.42 × 1016
3-butyne-2-one molecules s−1 and a turnover number of 82 3-
butyne-2-one molecules Pd(s)−1.
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Fig. 6. Schematic representation (side view) of the site-selective nature of the
hydrogenation of 3-butyne-2-one over supported Pd catalysts. (a) Pd crystallite
where 3-butyne-2-one molecules are ﬁrstly hydrogenated to 3-butene-2-one and
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Table 2
Vibrational modes selected to signify the quantity of reagent/products present in
the reactor as a function of reaction time.
Molecule Mode Wavenumber (cm−1)
3-Butyne-2-one (C C) 2103
3-Butene-2-one ( CH2) 950hen, secondly, to 2-butanone over non-speciﬁc Pd sites. (b) Pd crystallite where the
arbonyl group of 2-butanone is aligned with the edge sites of the crystallite; this
dsorption geometry facilitates the hydrogenation of 2-butanone to form 2-butanol.
.2. 1800–1650 cm−1
Fig. 2 presents the infrared spectra in the (C O) region of
he spectrum (1800–1650 cm−1) as a function of time. At t = 0,
wo bands at 1722 and 1702 cm−1 are observed which corre-
pond to the P and R branches of the C O stretching mode of
-butyne-2-one [17,18,19(a),20(a)]. Upon reaction, in the case of
he Pd(NO3)2/Al2O3 catalyst (Fig. 2(a)), band intensity at 1722 and
702 cm−1 decreases and two higher wavenumber features are
een at 1744 and 1730 cm−1. The intensity proﬁle of the new dou-
let is best illustrated by the band at 1744 cm−1, which is further
emoved from contributions from the 1720 cm−1 band. After 1 min,
he intensity of the 1744 cm−1 band increases, maximizes at 5 min,
hen progressively decreases. The 1744/1730 cm−1 doublet, now
ignifying (C O) of an aliphatic ketone [17,21,19(b),20(b)] is still
resent after 60 min  reaction time.
The sequence of changes in band intensities is more clearly
een in the case of the PdCl2/Al2O3 catalyst, Fig. 2(b). Upon reac-
ion, there is a more gradual decrease in intensity of the 1722
nd 1702 cm−1 peaks, that is concomitantly accompanied by the
ppearance of bands at 1744 and 1730 cm−1 that represent 2-
utanone [17,21,19(b),20(b)]. In contrast to the proﬁle seen in
ig. 2(a), the intensity of the 1744 cm−1 peak is seen to gradually
ncrease up to a maximum value at 10 min  that remains unchanged
p to 60 min  reaction time. Fig. 2(b) is additionally characterized
y an isosbestic point at 1730 cm−1, as the conjugated carbonyl
rouping is transformed in to an aliphatic carbonyl.
Comparing the trends evident in Fig. 2, (C O) shifts to higher
avenumber as sp-  and sp2-hybridised carbon atoms are reduced to
p3-hybridised carbon atoms [17,19(c)]. Thus, the Pd(NO3)2/Al2O3
atalyst supports reduction of 3-butyne-2-one to 3-butene-2-one,
hich is then reduced to the aliphatic ketone (2-butanone), that is
tself partially consumed within a reaction time of 60 min. However,
n the case of the PdCl2/Al2O3 catalyst (Fig. 2b), Stage 3 chemistry
2-butanone → 2-butanol) is not possible under these reaction con-
itions. No deviation from the chemistry outlined in Scheme 1 is
pparent in this series of spectra.
It is noted that all of the spectra in Fig. 2(b), including t = 0,
onnect to the isosbestic point at 1730 cm−1. The presence of this2-Butanone (C O) 1744
2-Butanol (CH3) 905
feature hints at 3-butyne-2-one, 3-butene-2-one and 2-butanone
being in equilibrium over the PdCl2/Al2O3 catalyst. Cohen and Fis-
cher have established the conditions under which isosbestic points
are observed in the spectra of multi-component systems [22]. For
a closed system, it is necessary that (i) the spectra of the limiting
species intersect and (ii) that changes in the concentrations of the
various species are linearly related. Consecutive reactions are not
expected to yield isosbestic points [23]. Further, Croce has exam-
ined the case of competing reaction mechanisms involving several
absorbing species, as is the case here, and establishes that a consec-
utive reaction mechanism will not exhibit isosbestic points [23]. A
recent illustration of this position is outlined by Pojarlieff and co-
workers who  have examined different pathways connected with
the acid catalysed intra-molecular attack of the -phenylthiourea
group of an amide function [24].
The fact that an isosbestic point is readily discernible at
1730 cm−1 is therefore interpreted as demonstrating a greater
degree of sophistication in the interactions between the reacting
species than that deﬁned by Scheme 1. One possibility could be
the presence of a competing parallel reaction not described within
Scheme 1. In particular, if hydrogenation of the carbonyl is com-
petitive with alkyne and alkene hydrogenation then the presence
of 3-butyne-2-ol and 3-butene-2-ol would be expected. For the
PdCl2/Al2O3 catalyst this pathway can be deﬁnitively eliminated
because there is no evidence for alcohol formation in the O H
stretch region (see Section 3.4). For the Pd(NO3)2/Al2O3 catalyst, the
presence of 2-butanol means that the O H stretch is not deﬁnitive
because the O H stretch of all three alcohols occurs within a few
wavenumbers of each other. However, 3-butyne-2-ol has charac-
teristic modes at 805 and 925 cm−1 for which there is no evidence
in the spectra, in particular, the former occurs in a region where
there are no modes from the other species providing conﬁdence in
this assertion. It is more difﬁcult to be certain that 3-butene-2-ol
is not present as all of its modes occur in regions where the other
species contribute. Nonetheless, its strongest modes occur at 932
and 1056 cm−1 and there are no distinct peaks at these positions.
Thus, while we  cannot deﬁnitively eliminate the possibility that 3-
butene-2-ol is present in the case of the Pd(NO3)2-based catalyst,
the similarity of the spectra of both catalysts in the early stages of
the reaction sequence would strongly argue that it is not present
over either catalyst.
Rather, the appearance of an isosbestic point is thought to reﬂect
the role of adsorbed species in the transformations indicated in
Scheme 1. Scheme 2 presents the speciﬁc interactions thought to
be connected with the appearance of the 1730 cm−1 isosbestic
point in Fig. 2(b). Namely, an exchange of reagents/products at
the gas/solid interface that, simultaneously, co-exist with surface-
mediated hydrogenation reactions. Although the reaction sequence
as observed may  still be classed as a three stage consecutive pro-
cess as outlined in Scheme 1 (A → B → C → D), the infrared based
methodology utilized here is indicating further subtlety within the
global process. Thus, Scheme 2 is proposed as a more compre-
hensive description of the elementary processes active within the
reaction system. Being able to obtain such information on the equi-
libria active over the catalyst during multi-stage transformations is
one of the advantages in using an IR cell as a batch reactor [15].
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.3. 1050–850 cm−1
The temporal dependence of the infrared spectra in the range
050–850 cm−1 as a function of time is presented in Fig. 3 and con-
ains information on acetylenic modes as well as oleﬁnic wags. At
 = 0 the spectrum is characterized by a low intensity sharp peak
t 1024 cm−1 and a broad peak centered around 980 cm−1. These
wo bands are assigned to methyl rocking modes of 3-butyne-2-
ne [17]. Concentrating ﬁrst on the spectrum connected with the
d(NO3)2/Al2O3 catalyst (Fig. 3(a)), both of the fore-mentioned
ands decrease dramatically within 1 min, signifying the loss of
he alkynic unit. At 1 min  a new band appears at 950 cm−1, which
hen subsequently decreases in intensity on increasing time and
s no longer discernible after 10 min. This is assigned to the vinyl
ock of the s-trans conformer of 3-butene-2-one [17]. From 10 min
nwards a doublet with peaks at 920 and 905 cm−1 and a broad
eak at 990 cm−1 become apparent and increase in intensity up
o 60 min. These features are assigned to methyl rocking modes of
-butanol [17] and signify reduction of the 3-butyne-2-one all the
ay through to the secondary alcohol.
With the exception of the t = 0 spectrum, all of the spec-
ra in Fig. 3(a) contribute to the isosbestic point at 928 cm−1.
his coincidence of bands is therefore thought to reﬂect inter-
ctions between 3-butene-2-one, 2-butanone and 2-butanol over
he Pd(NO3)2/Al2O3 catalyst. Scheme 3 presents the adsorp-
ion/desorption stages thought to be responsible for the observed
sosbestic point.
Fig. 3(b) presents the spectrum for the reaction catalysed by
dCl2/Al2O3. The decrease of intensity of the 3-butyne-2-one
ethyl rocking modes at 1024 and 980 cm−1 as a function of time
re slower than that observed for Pd(NO3)2/Al2O3, following the
rend seen in Fig. 1 for the (C≡C) mode. The methyl rocking mode
f 3-butene-2-one at 950 cm−1 is apparent at 1 min, increases in
ntensity up to 5 min, and then decreases thereafter. The methyl
ocking modes of 2-butanol seen in Fig. 3(a) with band maxima at
90, 920 and 905 cm−1 are absent; in a consistent manner to the
rend observed for the plateau of intensity of the (C O) mode of
-butanone seen at 1744 cm−1 in Fig. 2(b).
Thus, Fig. 3 strengthens the case that 3-butyne-2-one hydro-
enation is faster over the Pd(NO3)2/Al2O3 catalyst and that, under
he test conditions studied here, 2-butanol formation is not possible
ver the PdCl2/Al2O3 catalyst.
.4. 3800–3500 cm−1
The vibrational spectrum about the (O H) stretching region
s shown in Fig. 4. From 1 min  onwards the spectrum for the
d(NO3)2/Al2O3 catalysed reaction, Fig. 4(a), shows increasing
rowth of a band centered at 3655 cm−1, that is readily assigned
o the (O H) of 2-butanol [17]. This feature is absent in the
dCl2/Al2O3 set of spectra, Fig. 4(b), conﬁrming 2-butanone reduc-
ion not to be possible over this catalyst under these conditions.
.5. Reaction proﬁles
The following bands were selected to represent the four compo-
ents of Scheme 1: 3-butyne-2-one, the C C stretch at 2103 cm−1;
-butene-2-one, the CH2 rock at 950 cm−1; 2-butanone the C O
tretch at 1744 cm−1; and 2-butanol, the methyl rock at 905 cm−1,
able 2. Calibration of these spectral features by reference com-
ounds enabled the extinction coefﬁcients for these modes in the
esignated reaction conditions to be determined, so that concen-
ration proﬁles could be produced. The resulting reaction proﬁles
or the Pd(NO3)2/Al2O3 and PdCl2/Al2O3 catalysts are presented in
ig. 5.day 283 (2017) 110–118 117
Fig. 5(a) presents the reaction proﬁle for the Pd(NO3)2/Al2O3
catalyst, that is entirely consistent with a three-stage consecu-
tive reaction. Firstly, 3-butyne-2-one is fully hydrogenated within
2.5 min. This rapid decrease of starting material is accompanied by
the temporary presence of 3-butene-2-one, which attains maxi-
mum  intensity at 1 min  and, thereafter, progressively decreases in
intensity up to 5 min, when this intermediate species is fully con-
sumed. Throughout this period there is a proportionally greater
increase in 2-butanone production, which achieves maximum
intensity at 4 min  then progressively decreases in intensity on con-
tinued reaction time. 2-Butanol production is detected at the onset
and presents a growth proﬁle throughout the full reaction coor-
dinate, being the dominant molecular species at 60 min reaction
time. With reference to Scheme 1, it is apparent from Fig. 5 that the
magnitudes of the rate coefﬁcients adopt the following order:
k1 >> k2 > k3 (1)
The reaction proﬁle of the PdCl2/Al2O3 catalyst is presented
in Fig. 5(b) and is noticeably different to that seen for the
Pd(NO3)2/Al2O3 catalyst. 3-Butyne-2-one consumption is much
more gradual, requiring in excess of 10 min  for complete conver-
sion. The presence of the ﬁrst-stage product, 3-butene-2-one, is
more long-lived than the transient proﬁle demonstrated in Fig. 5(a);
persisting for approximately 20 min. 2-Butanone is detected from
the onset, reaching a maximum value at ca.  19 min and thereafter
plateauing in intensity for t > 20 min. Crucially, Fig. 5(b) shows no
2-butanol to be present throughout the full reaction coordinate.
Further, the rate of reaction is retarded when compared to that
observed for the Pd(NO3)2/Al2O3 catalyst, and the following two
statements can be made on the relative magnitude of the associated
rate coefﬁcients:
k1 > k2 (2)
and
k3 = 0. (3).
The inability of the PdCl2/Al2O3 catalyst to participate in the ﬁnal
stage hydrogenation process, i.e.  2-butanone → 2-butanol, effec-
tively mimics the pattern previously reported for crotonaldehyde
hydrogenation over these catalysts [7]. In a similar manner to that
outlined previously [7], reduction of the carbonyl group is thought
to be connected with high energy edge sites, that are effectively
‘capped’ in the case of the PdCl2/Al2O3 catalyst due to the pres-
ence of residual chloride (Table 1) that is inherently connected
with the preparation of that particular catalyst [8]. Infrared spec-
troscopic investigations of CO chemisorption on both catalysts
shows that, unlike the PdCl2/Al2O3 catalyst, the metal sites of the
Pd(NO3)2/Al2O3 catalyst are unperturbed by chemical residues [8],
leaving high energy edge sites available for carbonyl group reduc-
tion; in this case facilitating the reduction of a ketone to a secondary
alcohol.
Following the lead of the earlier crotonaldehyde hydrogenation
study [7], it is proposed that alkyne and alkene reduction takes
place at all sites but that carbonyl reduction requires a speciﬁc
adsorption geometry, which is provided by the edge sites of the Pd
nanoparticles. Fig. 6 attempts to illustrate this point schematically.
Fig. 6(a) presents a side view of a Pd crystallite where non-speciﬁed
sites, e.g.  low index planes, support hydrogenation of 3-butyne-2-
one and 3-butene-2-one. Fig. 6(b) proposes that the carbonyl group
of the 2-butanone molecule needs to bind to the speciﬁed edge site
for the subsequent addition of two hydrogen atoms to be achiev-
able. Failure of the 2-butanone to adsorb at this site, for example via
site blocking by chloride ions, will then prevent this reaction from
taking place, as is the case with the PdCl2/Al2O3 catalyst (Fig. 5(b)
and Eq. (3)).
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The fact that the trends observed for crotonaldehyde hydro-
enation over Pd/Al2O3 are reproduced for 3-butyne-2-one suggest
hat the proposed structure/activity model [7] may  be generically
pplicable for ,-unsaturated carbonyl compounds over sup-
orted Pd catalysts. The development of models that can reasonably
ationalize why certain catalyst formulations favour certain chemi-
al pathways is an important task in catalytic science, and this work
ndicates how a structural component of a widely utilized hetero-
eneous catalyst (i.e. Pd/Al2O3) may  inﬂuence selectivity proﬁles in
tepwise hydrogenation reactions.
Finally, it is noted that the catalysts examined in this work
epresent an extreme set of structural parameters. Namely, one cat-
lyst possesses accessible edge sites (Pd(NO3)2/Al2O3), whilst these
ites are not accessible in the comparison catalyst (PdCl2/Al2O3).
hereas it is tempting to suggest that the hydrogenation of ,-
nsaturated carbonyl compounds has the potential to be used as a
est reaction to estimate active site distributions for supported Pd
atalysts, it is acknowledged that for most supported Pd catalysts
he hydrogenation of a carbonyl group under modest conditions
f temperature and pressure will not be so quantized, as the cata-
ysts would typically present a distribution of edge sites. Moreover,
he relative strength of those adsorption sites might addition-
lly perturb the carbonyl hydrogenation rate and accessibility of
articular reaction pathways, i.e.  selectivity. Nevertheless, the eval-
ation of the kinetics for the hydrogenation of ,-unsaturated
arbonyl compounds over supported Pd catalysts does possess
ome potential for estimating the active site distribution of these
echnologically important materials.
. Conclusions
Transmission infrared spectroscopy has been used to study the
as phase hydrogenation of 3-butyne-2-one over two  alumina-
upported palladium catalysts in a batch reactor at 373 K. The
ollowing conclusions can be drawn.
The reaction sequence is 3-butyne-2-one → 3-butene-2-
one → 2-butanone → 2-butanol over the Pd(NO3)2/Al2O3
catalyst, whereas reaction stops at 2-butanone over a
PdCl2/Al2O3 catalyst. There is no evidence for a competing
sequence where the carbonyl group is initially hydrogenated:
3-butyne-2-one → 3-butyne-2-ol → 3-butene-2-ol → 2-butanol.
The inability of the PdCl2/Al2O3 catalyst to hydrogenate 2-
butanone is attributed to chloride residues connected with the
catalyst preparative process blocking edge sites, that otherwise
would support reduction of the carbonyl functional group.
Although the adoption of infrared spectroscopy to probe a metal
catalysed stepwise hydrogenation process in this case has neces-
sitated a complete vibrational analysis of reagent and product
molecules [17], the observation of isosbestic points in the spectra
is thought to reﬂect the presence of equilibria between gaseous
and adsorbed phases as well as surface hydrogenation reactions.
That information would not normally be accessible in a con-
ventional micro-reactor arrangement sampled by downstream
chromatographic methods.oday 283 (2017) 110–118
• From comparisons with a previous study on crotonaldehyde
hydrogenation, the proposed structure/activity relationship is
thought to be generic for the hydrogenation of ,-unsaturated
carbonyl compounds over supported Pd catalysts.
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